Age-related cataract remains a major cause of blindness, particular in developing countries [1] . At present, there is no universally accepted pharmacological agent that either prevents or reduces the opacification of the human lens; thus, removal of the opaque lens by surgery remains the principal remedy for human cataract. This pressing need for an inexpensive, non-surgical approach to the treatment of cataract has fueled extensive research on cataract prevention in animal models, particularly the selenite model that Purpose: Selenite-induced cataract is associated with oxidative stress, loss of calcium homeostasis, activation of calpain enzymes, and apoptotic cell death in the lens. An evaluation of naturally occurring antioxidants that also restrict calcium influx into the lens and calpain activation and thus prevent lenticular cell death may lead to the development of safe and effective anticataractogenic drugs. This study focuses on a naturally occurring flavone, chrysin, and its efficacy in preventing cataractogenic changes in in vitro cultured Wistar rat lenses. Methods: Lenses from Wistar rats incubated for 24 h at 37 °C in Dulbecco's modified Eagle's medium (DMEM) were categorized into four main groups: Group I (control, incubated in DMEM alone); Group II (selenite-challenged and untreated, incubated in DMEM that contained 100 µM/ml of sodium selenite only); Group III (selenite-challenged and chrysin-treated, incubated in DMEM that contained sodium selenite [100 µM/ml of DMEM] and chrysin [200 µM/ml of DMEM]); and Group IV (chrysin-treated, incubated in DMEM that contained chrysin [200 µM/ml of DMEM] only). The Group III (selenite-challenged and chrysin-treated) lenses were further categorized into five sub-groups: Group IIIa (incubated for 24 h in DMEM that contained sodium selenite and chrysin added simultaneously), Group IIIb (first incubated for 2 h in DMEM that contained chrysin only and then for up to 24 h in fresh DMEM that contained sodium selenite only), Group IIIc (first incubated for 30 min in DMEM that contained sodium selenite only and subsequently for up to 24 h in DMEM that contained chrysin only), and Groups IIId and IIIe (first incubated for 1 h and 2 h, respectively, in DMEM that contained sodium selenite only and subsequently for up to 24 h in DMEM that contained chrysin only). Results: Gross morphological assessment revealed dense opacification (Grade +++) in the selenite-challenged, untreated lenses (Group II); however, seven of the eight selenite-challenged and simultaneously chrysin-treated (Group IIIa) lenses showed no opacification (Grade 0) after 24 h incubation, while the remaining single lens exhibited only a slight degree of opacification (Grade +). In the Group IIIa lenses, the reduced glutathione, protein sulfhydryl, and malondialdehyde concentrations appeared to have been maintained at near-normal levels. The mean lenticular concentration of calcium was significantly lower in the Group IIIa lenses than that in the Group II lenses and approximated the values observed in the normal control (Group I) lenses. The Group IIIa lenses also exhibited significantly (p<0.05) higher mean lenticular activity of calpain, significantly higher mean mRNA transcript levels of genes that encode m-calpain and lenticular preferred calpain (Lp82), and significantly higher mean levels of the m-calpain and Lp82 proteins than the corresponding values in the Group II lenses. Casein zymography results suggested that chrysin prevented calpain activation and autolysis. Significantly (p<0.05) lower mean levels of mRNA transcripts of the genes that encode calcium transporter proteins (plasma membrane Ca 2+ -ATPase-1 and sarco/endoplasmic reticulum Ca 2+ -ATPase-2) and lenticular apoptoticcascade proteins (early growth response protein-1, caspase-3, caspase-8, and caspase-9) and significantly (p<0.05) lower mean concentrations of the proteins themselves were seen in the Group IIIa rat lenses in comparison to the values noted in the Group II rat lenses. Conclusions: Chrysin appears to prevent selenite-induced cataractogenesis in vitro by maintaining the redox system components at near-normal levels and by preventing the abnormal expression of several lenticular calcium transporters and apoptotic-cascade proteins, thus preventing accumulation of calcium and subsequent calpain activation and lenticular cell death in cultured Wistar rat lenses.
mimics some features of human senile cataract [2] . Sodium selenite-induced opacification of the lens is used to study the effects of various stresses on the lens, to model various mechanisms of cataract formation, and to screen potential anticataract agents [3] [4] [5] [6] .
Intracellular overload with Ca
2+ in lenticular epithelial cells has been reported to trigger the activation of Ca 2+ -dependent enzymes, with the irreversible breakdown of important structural proteins and cell death [7] , to modify the relative expression of cytochrome c oxidase-1 (COX-1; Gene ID: 24,693, OMIM 176805), the gene that encodes the terminal enzyme in the mitochondrial respiratory chain, and to act upon early growth response protein-1 (EGR-1; Gene ID: 24,330, OMIM 128990), an immediate-early gene. An important consequence of elevated calcium levels in the lenses of experimental animals is the activation of calpains (EC 3.4.22.17), which are a family of non-lysosomal cysteine proteases found in a variety of organisms.
At least four proteolytically active calpains are expressed in rodent lenses [8] . These calpains include ubiquitous calpain 1 (µ-calpain) and 2 (m-calpain) and lenticular preferred Lp82 and Lp85 [9] . Although m-calpain is the predominant calpain isoform in the human lens, m-calpain is also present in rodent lenses [10, 11] . Caspases have been found to transduce the apoptotic signal cascade and to engage cellular targets leading to programmed cell death [12, 13] . One of the key effector caspases is caspase-3, which is initiated by caspase-9, and is involved in the mitochondrial-mediated pathway. Induction of apoptosis by exposure to hydrogen peroxide (H 2 O 2 ) is accompanied by increased activation of caspase-9 and caspase-3 at the protein level [14] . Therefore, determining changes in the expression of these caspases is relevant in the context of assessing lenticular apoptosis.
As oxidative stress is reported to be a major factor in inducing cataractogenesis, antioxidants have been administered to prevent cataract formation in animal models. Synthetic antioxidants that exhibit anticataractogenic effects against selenite cataract include acetyl-L-carnitine [15] , ellagic acid [16] , melatonin [17] , resveratrol [18] , L-cysteine [19] , N-acetylcysteine [20] , and rutin [21] . In addition, several medicinal plants and their bioactive flavonoids reportedly protect against selenite-induced cataract by antioxidant mechanisms, including extract of Emilia sonchifolia [22] , Vitex negundo [23] , Ocimum sanctum [24] , Cineraria maritima [25] , lycopene [26] , Drevogenin D [27] , and isorhamnetin [28] .
Chrysin (5,7-dihydroxy-2-phenylchromen-4-one; Chemical Abstracts Service [CAS] number 480-40-0; PubChem CID:5281607; molecular formula C 15 H 10 O 4 ; molecular weight: 254.24; Figure 1 ) is a major representative of the flavone subclass. Chrysin occurs naturally in the leaves of the Indian trumpet tree, Oroxylum indicum [29] , passion flower (Passiflora incarnata [30] ), and silver linden (Tilia tomentosa), and is a major constituent of certain edible mushrooms [31] , honey, and bee propolis [32] , which have long been essential constituents of the normal human diet. Therefore, chrysin was chosen for this study, instead of a synthetic compound. Chrysin exhibits antioxidant [33, 34] , antiatherogenic [35] , anti-inflammatory [36] , anticancerous [37] , anxiolytic [38] , and antidiabetic [39] properties. However, a search of the PubMed databases using the keywords "anticataractogenic effect, chrysin, selenite cataract" did not yield published reports on its anticataractogenic potential. Thus, in the present investigation, an attempt has been made to determine the efficacy of chrysin in modulating or preventing seleniteinduced cataractogenesis by virtue of chrysin's antioxidant properties and its potency in regulating lenticular Ca 2+ levels and in inhibiting calpain activity and the cascade of apoptotic events.
METHODS

Chemicals:
Chrysin (97% pure) was purchased from SigmaAldrich Chemical Co. (St. Louis, MO), sodium selenite (Na 2 SeO 3 ) was obtained from LOBA Chemie (Mumbai, India), and Dulbecco's modified Eagle's medium (DMEM) and the antibiotics streptomycin and penicillin were obtained from HiMedia (Mumbai, India). Antibodies for m-calpain, Lp82, EGR-1, COX-1, caspase-3, caspase-8, caspase-9, and β-actin were purchased from Sigma-Aldrich Chemical Co. and Cell Signaling Technologies (CST; Danvers, MA). Anti-rabbit immunoglobulin (IgG) secondary antibody was obtained from Genei (Bengaluru, India). All other chemicals and reagents were of analytical grade. Milli-Q water (Millipore, Bengaluru, India) was used throughout the experiments.
In vitro phase of the study: The animals in the present study were treated in accordance with the guidelines of the Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA) and with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Research, and the protocols were approved by the Institutional Animal Ethical Committee (IAEC; Approval No. BDU/IAEC/2015/OE/08/Dt. 17.03.2015) . Wistar rats (75−90 g in weight) were anesthetized with diethyl ether and then killed by cervical dislocation. Their lenses were removed at once and immersed in DMEM, which contained sodium bicarbonate (0.2% w/v) but did not contain calcium; the medium also contained streptomycin (60 μg/ml) and penicillin (60 μg/ml) to prevent microbial contamination. After 2 h, the lenses that developed artifactual opacities were discarded, and only transparent undamaged lenses were collected; they were divided into the following eight groups: (1) Group I (n=8) comprising normal lenses incubated in DMEM alone (control); (2) Group II (n=8) comprising lenses incubated in DMEM that contained sodium selenite (100 μM selenite/ml of DMEM; selenite-challenged, untreated); (3) Group IIIa (n=8) comprising lenses incubated in DMEM and simultaneously exposed to sodium selenite (100 μM selenite/ ml of DMEM) and chrysin (200 μM chrysin/ml of DMEM;
[simultaneous] selenite-challenge and chrysin treatment); (4) Group IIIb (n=3) comprising lenses first incubated for 2 h in DMEM that contained only chrysin (200 μM chrysin/ ml of DMEM) and then for up to 24 h in fresh DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM; 2 h chrysin pretreatment, subsequent selenite-challenge); (5) Group IIIc (n=3) comprising lenses first incubated for 30 min in DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM) and then for up to 24 h in fresh DMEM that contained only chrysin (200 μM chrysin/ ml of DMEM; initial selenite-challenge [30 min], subsequent chrysin treatment); (6) Group IIId (n=3) comprising lenses first incubated for 1 h in DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM) and then for up to 24 h in fresh DMEM that contained only chrysin (200 μM chrysin/ml of DMEM; initial selenite-challenge [1 h], subsequent chrysin treatment); (7) Group IIIe (n=3) comprising lenses first incubated for 2 h in DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM) and then for up to 24 h in fresh DMEM that contained only chrysin (200 μM chrysin/ml of DMEM; initial selenite-challenge [2 h], subsequent chrysin treatment); (8) Group IV (n=3) comprising lenses incubated in DMEM that contained only chrysin (200 μM chrysin/ml of DMEM). The lenses were incubated for 24 h at 37 °C in cell culture test plates maintained in an incubator with an atmosphere of 95% air and 5% CO 2 . All lenses were subjected to gross morphological examination at 24 h after the start of the experiment. Following this, all lenses were processed for the determination of reduced glutathione (GSH) and malondialdehyde (MDA).
To exclude the possibility that the simultaneous addition of chrysin and selenite in DMEM affected the concentration of selenite, a time-course stability study of sodium selenite in DMEM that contained chrysin (200 µM/ml; without lenses) was performed. This evaluation was performed in two ways: a) Changes in optical density at 351 nm were measured at different time intervals for 24 h using double-beam ultraviolet-visible spectrophotometer (UV-3600 Plus system, Shimadzu, Kyoto, Japan). b) Sodium selenite concentrations were also measured at these time points using a double-beam ultraviolet-visible spectrophotometer (UV-3600 Plus system), with standard sodium selenite as a reference. To demonstrate that chrysin entered the lenses during the incubation period in DMEM, lenses from Group I (normal control) and Group IV (DMEM that contained only chrysin) were subjected to ultraviolet-visible spectroscopic measurement (UV-3600 Plus system), using standard chrysin as a reference.
Morphological examination of lenses:
This was performed with a gross examination, as well as under the magnification of a dissecting microscope against a background of black gridlines. The degree of opacification was graded as follows: (a) 0, the absence of opacification (gridlines clearly visible); (b) +, a slight degree of opacification (minimal clouding of gridlines [gridlines still visible]); (c) ++, the presence of diffuse opacification involving almost the entire lens (moderate clouding of gridlines [gridlines faintly visible]); and (d) +++, the presence of extensive thick opacification involving the entire lens (total clouding of gridlines [gridlines not seen at all]).
Biochemical investigations:
Measurement of reduced glutathione concentration-The reduced GSH content was measured with Moron et al.'s [40] method in which protein in the sample was first precipitated out and then followed by the addition of 4 ml of 0.3 M disodium hydrogen phosphate (pH 8.0) and 0.5 ml of 0.04% (w/v) 5, 5-dithiobis-2-nitrobenzoic acid to the proteinfree supernatant to yield a yellow color that was read spectrophotometrically at 412 nm. The GSH level was expressed as micrograms per milligram of protein.
Determination of lipid peroxidation by measurement of MDA:
The extent of lipid peroxidation was determined with Ohkawa et al.'s [41] method. The principle of this method is that MDA, an end-product of lipid peroxidation, reacts with thiobarbituric acid to form a pink chromogen. For this assay, lenticular material was homogenized in 1.0 ml of 0.15 M potassium chloride. In a reaction tube, 0.2 ml of 8.1% sodium dodecyl sulfate, 1.5 ml of 20% acetic acid (pH 3.5), and 1.5 ml of 0.81% thiobarbituric acid aqueous solution were added in succession. To this reaction mixture, 0.2 ml of the lenticular homogenate was added and then heated in boiling water for 60 min. After cooling to room temperature, 5 ml of butanol:pyridine (15:1 v/v) solution were added and then centrifuged at 2,000 × g for 15 min. The upper organic layer was aspirated, and the intensity of the resulting pink color was read at 532 nm using tetramethoxypropane as an external standard. The level of lipid peroxide was expressed as nanomoles of malondialdehyde formed per gram of tissue.
Determination of protein sulfhydryl content:
The sulfhydryl content of the lenticular proteins was determined using Ellman's procedure as modified by Altomare et al. [42] . Aliquots of total lenticular homogenate (approximately 3 mg of protein) were treated with an equal volume of 4% sulfosalicylic acid. The pellets obtained after centrifugation were washed with 1 ml of 2% sulfosalicylic acid to remove free thiols. The washed pellets were dissolved in 0.2 ml of 6 M guanidine (pH 6.0) and read spectrophotometrically at 412 nm and 530 nm before and after 30 min incubation in the dark with 50 μl of 10 mM 5.5′-dithiobis-(2-nitrobenzoic acid). The protein sulfhydryl concentration was calculated using a calibration curve prepared with GSH.
Measurement of calcium concentration in the lens:
The mean calcium concentrations in Group I (normal control), Group II (selenite-challenged, untreated), and Group IIIa (selenite-challenged simultaneously chrysin-treated) lenses cultured in DMEM were measured. The dry weight of the lens was measured after heating at 100 °C for 20 h. The lenses were then digested with 0.2 ml concentrated HCl at room temperature overnight and adjusted to 1.0 ml with deionized water. The mixtures were centrifuged at 10,000 × g for 10 min to remove insoluble material, if any. The calcium concentration in the supernatant fraction was then measured with an atomic absorption spectrophotometer (model Spectra AA-220, Varian, Santa Clara, CA) operated with a slit width of 0.5 nm, with the wavelength set at 422.7 nm. Standard solutions were prepared from calcium carbonate (CaCO 3 ) and deionized water. The results were expressed as micromole of calcium per gram dry weight of the lens.
Assay of calpain activity:
The combined activity of calpain was determined fluorometrically with casein as the substrate [43] with minor modifications. For this assay, lenses from each group were homogenized thoroughly in 10 volumes of 10 mM sodium borate buffer, pH 8.0, which contained 5 mM EDTA, 3 mM sodium azide, 1 mM dithiothreitol, and 0.1% Triton X-100. After the homogenate was centrifuged at 10,000 × g for 10 min, the supernatant was collected to measure calpain activity. To prepare the substrate, an aqueous solution of casein (60 mg/ml) was subjected to boiling at pH 9.5 (maintained by the addition of 0.1 N NaOH [20 ml]), cooled, adjusted to pH 5.9 with 0.1 N HCl, and then centrifuged to collect the supernatant.
Aliquots of lenticular homogenate corresponding to 500 mg of protein were added to a mixture that contained 3.57 mg of alkali-treated casein, 25 mM of sodium borate, 1 mM of 2-mercaptoethanol, and 5 mM of CaCl 2 to a total volume of 0.35 ml. The pH of the final incubation mixture was 7.5. Incubation was for 1 h at room temperature (the incubation mixture without calcium contained 1 mM ethylene glycol tetraacetic acid). Zero-time incubation blanks were subtracted. The enzyme reaction was stopped by the addition of 200 µl of 36% (w/v) trichloroacetic acid. The tubes were stored at 4 °C overnight. After centrifugation, 200 µl of trichloroacetic acid supernatant were mixed with 1.5 ml of 0.1 M sodium borate buffer (pH 8.5), 200 µl fluorescamine solution (3.4 mg/10 ml of acetone) were added to each tube, and the contents were mixed thoroughly. The number of liberated amino groups was measured fluorometrically [44] in a spectrofluorometer and compared with the standards of known amounts of glutamate in 10% trichloroacetic acid. One unit of calpain activity was defined as the amount that caused the release of 1 µmol of amino groups/h under the conditions described. Results were expressed as micromole of glutamic acid equivalents released per milligram of protein per hour.
Casein zymography: Casein zymography was performed employing Raser et al.'s [45] method. Casein (0.1%) was copolymerized in an 8% acrylamide separating gel, using 4% acrylamide as a stacking gel. After a 15 min prerun, 50 μg of each incubated protein sample were wet-loaded and electrophoresed at 125 V (constant) for 2.5 h at 4 °C in running buffer (25 mM Tris HCl, 192 mM glycine, 1 mM ethylene glycol tetraacetic acid, and 1 mM dithiothreitol, pH 8.3). The gel was then incubated in calcium buffer (20 mM Tris HCl, 10 mM dithiothreitol, 2 mM calcium, pH 7.4) overnight at room temperature with slow shaking. The gel was then stained with Coomassie brilliant blue (HiMedia, Mumbai, India) and destained; achromatic bands of caseinolysis appeared white against the stained background.
Molecular investigations:
RT-PCR analysis of mRNA expression-On completion of the experimental period, lenses from the three groups were removed from DMEM and immediately homogenized in TRIzol (Sigma-Aldrich) reagent (1 ml/100 mg tissue); RNA was isolated according to the manufacturer's protocol. RNAs were quantified using a spectrophotometer at A 260 nm and checked for RNA integrity by assessing 18S and 28S band intensities via agarose gel electrophoresis.
Reverse transcription PCR (RT-PCR) was performed using a one-step RT-PCR kit (Qiagen, Venlo, the Netherlands), according to the manufacturer's instructions. Briefly, 1 μg of template RNA and 0. number were optimized to ensure the linearity of the response and to avoid saturation of the reaction. After the PCR reaction was completed, a 10 μl portion of the PCR product was electrophoresed in a 1.8% agarose gel. The ethidium bromide-stained gel was photographed with a DS-34 type Polaroid camera, and the band was scanned with an imaging densitometer (Bio-Rad, Hercules, CA). The GAPDH gene was used as an internal standard for the RT-PCR reaction. To measure the transcript level, the ratio of the study gene product to the GAPDH gene product was calculated.
Immunoblot analysis: Sodium dodecyl sulfate-PAGE (SDS-PAGE) was performed on 10% gels using the Tris-Glycine buffer system. Immunoblotting for PMCA-1, SERCA-2, m-calpain, Lp82, EGR-1, COX-1, caspase-3, caspase-8, caspase-9, and β-actin was performed by electrotransferring proteins from the SDS-PAGE gel to a nitrocellulose membrane at 30 V (constant) for 100 min at an ice-cold temperature using Tris-Glycine buffer (12 mM Tris, 96 mM glycine, 20% methanol). The monoclonal primary antibodies were used at a 1:1,000 dilution, and alkaline phosphatase conjugated to anti-rabbit IgG secondary antibody was at a 1:2,000 dilution. Immunoreactivity was visualized with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium. The intensity of the bands was calculated using densitometric software (GelQuant.NET, Version 1.7.8, University of California, San Francisco, CA).
Statistical analysis:
The values are expressed as the mean ± standard deviation of multiple readings. Differences between groups were assessed with a one-way ANOVA test using SPSS for Windows (version 21, IBM Corporation, New York, NY). Where one-way ANOVA yielded significant results, post-hoc testing was performed for inter-group comparisons using the least significant difference test. The chi-square test with Yates' correction (GraphPad Prism, version 6, GraphPad Software Inc., San Diego, CA) was applied wherever relevant. Values corresponding to p<0.05 were considered statistically significant and are denoted by distinct symbols in the tables and figures.
RESULTS
In vitro testing for the anticataractogenic potential of chrysin in Wistar rat lenses:
Morphological assessment of cultured Wistar rat lenses-None of the eight lenses incubated in DMEM alone (Group I control) exhibited opacification (Grade 0 opacification) even after 24 h incubation. All (100%) lenses in Group II (incubated in DMEM and sodium selenite) exhibited thick opacification (Grade +++) after 24 h incubation. In contrast, only one out of the eight lenses (12.5%) in Group IIIa (incubated in DMEM + sodium selenite + chrysin added simultaneously) exhibited slight opacification (Grade +) after 24 h incubation, while the remaining seven lenses (87.5%) did not show any opacification (Grade 0). The difference was statistically significant (Yates' χ 2 [degree of freedom=1]=9.143; p<0.05) when the proportion of opaque lenses in Group II (100%) was compared with that in Group IIIa (12.5%). Diffuse opacification (Grade ++) was noted in all three Group IIIb lenses (chrysin-pretreated, subsequent selenite-challenge; Table 2 and Figure 2) . Interestingly, in all three Group IIIc (initial selenite-challenge [30 min], subsequent chrysin treatment) lenses, a slight degree of opacification (Grade +) was noted. Similarly, in all three Group IIId (initial selenite-challenge [1 h], subsequent chrysin treatment) lenses, diffuse opacification (Grade ++) was noted, while in all three Group IIIe (initial selenite-challenge [2 h], subsequent chrysin treatment) lenses, extensive thick opacification (Grade +++) was noted. The results obtained for Group IIIe lenses were essentially similar to those seen in Group II lenses (Table 2 and Figure 2 ). However, Group IV (incubated in DMEM that contained only chrysin) lenses exhibited no opacification after 24 h incubation; the appearance of the lenses was similar to that observed in control (Group I) lenses.
The mean concentration of chrysin in chrysin onlytreated (Group IV) lenses was found to be 4.711 mM/g of wet lenticular tissue after 24 h incubation; however, chrysin was not detected in the Group I (control) lenses even after 24 h incubation.
In the stability study of sodium selenite in DMEM that contained chrysin (200 µM/ml of DMEM) but without lenses, sodium selenite was found to be stable even after 24 h incubation in the presence of chrysin; this was inferred by the presence of a "peak" at 351 nm, the same peak being observed at 0, 6, 12, and 24 h (Appendix 1). A time-course study showed that the mean concentration of selenite in the presence of chrysin in DMEM was 15.38 mg/l at 0 h, 15.35 mg/l at 6 h, 15.33 mg/l at 12 h, and 15.31 mg/l at 24 h.
Determination of reduced glutathione and malondialdehyde levels in cultured rat lenses:
Reduced GSH-A significantly (p<0.05) lower mean level of GSH was observed in the selenite-challenged, untreated (Group II) lenses (3.57±0.59 µmol) when compared to that in the control (Group I; 8.28±0.25 µmol), selenitechallenged simultaneously chrysin-treated (Group IIIa; 6.27±0.63 µmol), and chrysin only-treated (Group IV; 8.23±0.15 µmol) lenses. Similarly, the mean GSH level was significantly lower in the Group IIIb (chrysin-pretreated, (Table 3) . However, the mean GSH level in the selenite-challenged simultaneously chrysin-treated lenses was significantly (p<0.05) lower than the mean levels in the Group I (control) and Group IV lenses. (Table 3) . However, the mean MDA concentration in selenite-challenged simultaneously chrysin-treated lenses (Group IIIa) was also Group IV 3 0 all 3 * Groups of lenses; Group I: Normal lenses incubated in Dulbecco's modified Eagle's medium (DMEM) alone (control); Group II: Lenses incubated in DMEM containing sodium selenite (100 μM selenite/ml of DMEM; selenite-challenged, untreated); Group IIIa: Lenses incubated in DMEM and simultaneously exposed to sodium selenite (100 μM selenite/ml of DMEM) and chrysin (200 μM chrysin /ml of DMEM; selenite-challenged simultaneously chrysin-treated); Group IIIb: Lenses first incubated for 2 h in DMEM containing only chrysin (200 μM chrysin/ml of DMEM) and then for up to 24 h in fresh DMEM containing only sodium selenite (100 μM selenite/ml of DMEM; 2 h chrysin pre-treatment, subsequent selenite-challenge); Group IIIc: Lenses first incubated for 30 min in DMEM containing only sodium selenite (100 μM selenite/ml of DMEM) and then for up to 24 h in fresh DMEM containing only chrysin (200 μM chrysin/ml of DMEM; initial selenite-challenge [ Lenses incubated in DMEM that contained sodium selenite (100 μM selenite/ml of DMEM; selenitechallenged, untreated; Group II). Grade +++ opacification (extensive thick opacification involving the entire lens [total clouding of gridlines; gridlines not seen at all]) in all eight lenses. C: Lenses incubated in DMEM and simultaneously exposed to sodium selenite (100 μM selenite/ ml of DMEM) and chrysin (200 μM chrysin/ml of DMEM) selenite-challenged simultaneously chrysin-treated; Group IIIa). Grade + opacification (slight degree of opacification [minimal clouding of gridlines; gridlines still visible]) in one of the eight lenses. D: Lenses first incubated for 2 h in DMEM that contained only chrysin (200 μM chrysin/ml of DMEM) and then for up to 24 h in fresh DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM; 2 h chrysin pretreatment, subsequent selenite-challenge; Group IIIb). Grade ++ opacification (diffuse opacification involving almost the entire lens (moderate clouding of gridlines [gridlines faintly visible]) in all three lenses. E: Lenses first incubated for 30 min in DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM) and then for up to 24 h in fresh DMEM that contained only chrysin (200 μM chrysin/ml of DMEM; initial selenite-challenge [30 min], subsequent chrysin treatment; Group IIIc). Grade + opacification (slight degree of opacification [minimal clouding of gridlines; gridlines still visible]) in all three lenses. F: Lenses first incubated for 1 h in DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM) and then for up to 24 h in fresh DMEM that contained only chrysin (200 μM chrysin/ml of DMEM; initial selenite-challenge [1 h], subsequent chrysin treatment; Group IIId). Grade ++ opacification; diffuse opacification involving almost the entire lens (moderate clouding of gridlines [gridlines faintly visible]) in all three lenses. G: Lenses first incubated for 2 h in DMEM that contained only sodium selenite (100 μM selenite/ml of DMEM) and then for up to 24 h in fresh DMEM that contained only chrysin (200 μM chrysin/ml of DMEM; initial selenite-challenge [2 h], subsequent chrysin treatment; Group IIIe). Grade +++ opacification (extensive thick opacification involving the entire lens [total clouding of gridlines; gridlines not seen at all]) in all three lenses. H: Lenses incubated in DMEM that contained only chrysin (200 μM chrysin/ml of DMEM; Group IV). Grade 0 opacification (absence of opacification [gridlines clearly seen]) in all three lenses. significantly (p<0.05) higher than the mean concentration in the Group I (normal control) and Group IV lenses.
Malondialdehyde
The results of the morphological assessment and the mean GSH, and mean MDA levels in the groups of lenses appeared to suggest that selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses showed better in vitro morphological appearance and mean GSH and mean MDA levels than that observed in the other subgroups. Therefore, the Group I, Group II, and Group IIIa lenses were evaluated for additional parameters.
Protein sulfhydryl content:
In the selenite-challenged, untreated (Group II) lenses, the protein sulfhydryl content was significantly (p<0.05) lower (10.17±0.165 µg) compared to that in the control (Group I; 16.36±0.128 µg) lenses and that in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses (13.57±0.35 µg). However, in the Group IIIa lenses the mean lenticular protein sulfhydryl concentration appeared to have been maintained at a level similar to that noted in the Group I (control) lenses (Figure 3 ).
Calcium parameters in cultured rat lenses:
Mean calcium concentration in rat lenses-With reference to the mean calcium ion concentrations in the lenticular homogenates from the three groups of lenses (Figure 4) , the mean calcium concentration was significantly (p<0.05) higher in the Group II (selenite-challenged, untreated) lenses (1.81±0.067 µmol) than the mean concentrations in the Group IIIa (selenite-challenged simultaneously chrysin-treated) lenses (0.85±0.03 µmol) and in the Group I (control) lenses (0.55±0.05 µmol; Figure 4 ).
Effect of chrysin on expression profiles of calcium transporter genes and proteins:
The mean mRNA transcript levels of the calcium transporter genes, PMCA-1 and SERCA-2, were found to be significantly (p<0.05) higher in the selenite-challenged, untreated (Group II) lenses (87% and 79%, respectively) than those in the control (Group I) lenses (59% and 68.4%, respectively; Figure 5) . However, such an elevation in the mean mRNA transcript levels was not observed in the selenite-challenged lenses that had been treated with chrysin (Group IIIa; 71% and 67.1%, respectively; Figure  5 ). On the contrary, the mean mRNA transcript level of the lenticular NCX-1 gene was found to be lower in the cultured selenite-challenged, untreated (Group II) lenses (54%) than that in the cultured normal (Group I; control) lenses (89%). However, such a decline in the mRNA transcript level appeared to have been prevented in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses ( Figure   5 ), in which the mean level (86%) approached the mean level noted in the control (Group I) lenses.
To further validate the data obtained from studying the mRNA transcript levels of genes that encode calcium transporters in the cultured lenses, the expression of the calcium transporter proteins, PMCA-1 and SERCA-2, was evaluated with western blot analysis. Densitometric scans of the protein bands showed that the PMCA-1 and SERCA-2 protein concentrations were significantly (p<0.05) higher in the selenite-challenged, untreated (Group II) lenses (89.56% and 106.45%, respectively) than those in the control (Group I) lenses (71.4% and 81.78%, respectively; Figure 6 ). However, such an increase in protein band intensity was not observed in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses (76.1% and 87.23%, respectively; Figure  6 ).
Effect of chrysin on calpain activity:
Total calpain activity assay-With reference to the mean calpain activity in the three different groups of lenses ( Figure 7A ), in the Group II (selenite-challenged, untreated) lenses, the mean lenticular calpain activity (0.34±0.05 µmol) was significantly (p<0.05) lower than that in the Group IIIa (selenite-challenged simultaneously chrysin-treated) lenses (0.61±0.03 µmol) and that in the Group I (control) lenses (0.65±0.06 µmol; Figure 7A ).
Casein zymography: Differential alterations in calpain activity in the lens in selenite-induced cataractogenesis were measured with zymography by looking for calcium-activated calpain-mediated lysis of casein on native PAGE gels ( Figure  7B ). Based on molecular weight, the calpain isoforms were separated; the uppermost band was Lp82, followed by m-calpain. The activity of these two calpain isoforms was found to be reduced in the selenite-challenged, untreated (Group II; 71.15% and 65.25%, respectively) lenses. The selenite-challenged simultaneously chrysin-treated (Group IIIa; 75.63% and 76.29%, respectively) lenses showed a markedly intense clearing that was marginally less than that observed in the normal control (Group I; 86.28% and 81.32%, respectively) cultured lenses ( Figure 7B ). Decreased calpain activity in the Group II lenses was possibly partly due to autolysis.
Analysis of expression of calpain genes and proteins:
Lenticular m-calpain and Lp82 gene transcript levels in the three groups were compared to determine the differential Figure 5 . In vitro study on Wistar rat lenses cultured for 24 h in Dulbecco's modif ied Eagle's medium: RT-PCR investigations. A: Ethidium bromide-stained agarose gel showing differential staining intensity of mRNA transcripts of genes that encode calcium transporters and calpain isoforms in the three groups of lenses. B: Bar graphs of mean normalized densitometry readings of the mRNA transcripts of genes that encode calcium transporters and calpain isoforms in the three groups of lenses. Groups of lenses; Group I: Normal lenses incubated in Dulbecco's modified Eagle's medium (DMEM) alone (control); Group II: Lenses incubated in DMEM that contained sodium selenite (100 μM selenite/ml of DMEM; selenitechallenged, untreated); Group IIIa: Lenses incubated in DMEM and simultaneously exposed to sodium selenite (100 μM selenite/ ml of DMEM) and chrysin (200 μM chrysin/ml of DMEM; selenitechallenged simultaneously chrysintreated). Statistical analysis of values derived with densitometric scanning of the agarose gel (values shown as a bar diagram to below the agarose gel). Values represent the mean ± standard deviation (SD) of the band intensity (densitometric reading) of each gene (experiments run in triplicate). Statistical analysis was one-way ANOVA with post hoc testing (least significant difference). expression of genes that encode calpain activity. The mean mRNA transcript levels of the m-calpain and Lp82 genes (49% and 56%, respectively) were found to be lower in the selenite-challenged, untreated (Group II) lenses than those in the normal control (Group I; 76% and 76%, respectively) lenses ( Figure 5 ). However, in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses, the mean mRNA transcript levels of the m-calpain and Lp82 genes (67% and 73%, respectively) were found to be higher than those in the selenite-challenged, untreated (Group II) lenses ( Figure 5 ). To further validate these data, immunoblot analysis was performed. Expression of m-calpain and Lp82 proteins was inferred to be significantly (p<0.05) lower in the selenite-challenged, untreated (Group II) lenses (62.12% and 81.5%, respectively) than that in the control (Group I) lenses (88.98% and 107.2%, respectively; Figure 6 ). However, reduced expression of the m-calpain and Lp82 proteins was inferred to have been prevented in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses (75.62% and 94.1%, respectively; Figure 6 ). Immunoblots showing differential staining intensity of the calcium transporter and calpain isoform proteins in the three groups of lenses. B: Bar graphs of the mean normalized densitometric readings of the calcium transporter and calpain isoform proteins in the three groups of lenses. Groups of lenses; Group I: Normal lenses incubated in Dulbecco's modified Eagle's medium (DMEM) alone (control); Group II: Lenses incubated in DMEM that contained sodium selenite (100 μM selenite/ ml of DMEM; selenite-challenged, untreated); Group IIIa: Lenses incubated in DMEM and simultaneously exposed to sodium selenite (100 μM selenite/ml of DMEM) and chrysin (200 μM chrysin/ml of DMEM; selenite-challenged simultaneously chrysin-treated). 
Effect of chrysin on mRNA transcript levels of genes encoding proteins involved in apoptosis and on apoptosisrelated protein levels:
The mean levels of the mRNA transcripts of the EGR-1, COX-1, caspase-3, caspase-8, and caspase-9 genes were analyzed with semiquantitative RT-PCR with GAPDH as an internal control. The levels of EGR-1, caspase-3, caspase-8, and caspase-9 ( Figure 8 ) mRNA transcripts were found to be significantly (p<0.05) higher in the selenite-challenged, untreated (Group II) lenses (84%, 98.7%, 69.8%, and 85.5%, respectively) than those in the normal control (Group I) lenses (62%, 71.8%, 52.5%, and 66.1%, respectively). However, such elevations in these mRNA transcript levels appeared to have been prevented in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses, where the mean mRNA transcripts levels (68.6%, 83.4%, 55.1%, and 69.7%, respectively) approximated normal levels (Figure 8) . Conversely, the mean mRNA transcript level of the COX-1 gene was found to be significantly (p<0.05) lower in the selenite-challenged, untreated lenses (Group II; 63.2%) than that in the normal control lenses (Group I; 96.5%; Figure 8 ) but approached near-normal levels in selenite-challenged simultaneously chrysin-treated lenses (Group IIIa; 79.1%; Figure 8 ).
Immunoblot analysis suggested a relatively higher mean intensity of the EGR-1 protein in the soluble fraction of the cultured selenite-challenged, untreated (Group II) lenses (92.7%) than that in the normal control (Group I) lenses (73.1%; Figure 9 ). However, no such elevation in the mean band intensity was noted in the cultured selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses (86.4%; Figure 9 ). Immunoblot analysis suggested a lower mean level of COX-I protein in the soluble fraction of the cultured selenite-challenged, untreated lenses (Group II; 42.9%) than that in the cultured normal (control; Group I) lenses (57.5%). However, such a reduction in the mean COX-I protein level appeared to have been prevented in the cultured selenitechallenged simultaneously chrysin-treated (Group IIIa) lenses (51.2%; Figure 9 ).
To further examine the involvement of the mitochondrial apoptotic pathway, the expression of caspase-3, caspase-8, and caspase-9 was determined with western blotting analysis, while the proteolytic processing of procaspase-3 was detected with a monoclonal antibody to caspase-3. Western blotting revealed a band at 32 kDa, which represented uncleaved caspase-3; this was most intense in the normal control (Group I) lenses. In the selenite-challenged, untreated (Group II) lenses, an additional band was present at 17 kDa, possibly representing a fragment of cleaved caspase-3. However, in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses, such cleavage of caspase-3 did not appear to have occurred as there was no additional 17 kDa band (Figure 10 ). Immunoblots showing differential staining intensity of some apoptotic cascade proteins in the three groups of lenses. B: Bar graphs of mean normalized densitometric readings of some apoptotic cascade proteins in the three groups of lenses. Groups of lenses; Group I: Normal lenses incubated in Dulbecco's modified Eagle's medium (DMEM) alone (control); Group II: Lenses incubated in DMEM that contained sodium selenite (100 μM selenite/ml of DMEM; selenite-challenged, untreated); Group IIIa: Lenses incubated in DMEM and simultaneously exposed to sodium selenite (100 μM selenite/ml of DMEM) and chrysin (200 μM chrysin/ml of DMEM; selenite-challenged simultaneously chrysin-treated). Statistical analysis of values derived by densitometric scanning of the immunoblots (values shown as a bar diagram to below the immunoblots). Values represent the mean ± standard deviation (SD) of the band intensity (densitometric reading) of each protein (experiments run in triplicate). Statistical analysis was one-way ANOVA with post hoc testing (least significant difference).
a Statistically significant difference (p<0.05) when compared with the Group I values. b Statistically significant difference (p<0.05) when compared with the Group II values. Abbreviations: EGR-1=early growth response protein-1; COX-1=cytochrome c oxidase-1. Figure 10 . In vitro study on Wistar rat lenses cultured for 24 h in Dulbecco's modified Eagle's medium: Immunoblots showing differential staining intensity of some apoptotic cascade proteins in the three groups of lenses. Groups of lenses; Group I: Normal lenses incubated in Dulbecco's modified Eagle's medium (DMEM) alone (control); Group II: Lenses incubated in DMEM that contained sodium selenite (100 μM selenite/ml of DMEM; selenite-challenged, untreated); Group IIIa: Lenses incubated in DMEM and simultaneously exposed to sodium selenite (100 μM selenite/ml of DMEM) and chrysin (200 μM chrysin/ml of DMEM; selenitechallenged simultaneously chrysin-treated).
Immunoblot analysis was also performed to detect the activation of lenticular caspase-8 protein in the lenses. Western blot analysis appeared to confirm the activation of caspase-8 in the selenite-challenged, untreated (Group II) lenses, as there was a reduction in procaspase-8 (55 kDa) with the simultaneous appearance of its cleaved product, a 42 kDa fraction. However, in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses, such activation appeared to have been prevented, which was inferred from the absence of the cleaved product, the 42 kDa fraction (Figure 10 ). The level of caspase-9 was also determined as it has been reported that, upon activation, procaspase-9 (45 kDa) cleaves into a fragment of approximately 35 kDa [46] . In the present investigation, this was clearly evident in the selenite-challenged untreated (Group II) lenses. However, in the selenite-challenged simultaneously chrysin-treated (Group IIIa) lenses, there did not appear to be activation of either caspase-8 or caspase-9 ( Figure 10 ).
DISCUSSION
From the data generated by numerous human epidemiological and experimental animal studies, it can be inferred that oxidative stress is a key factor in cataract formation [47] [48] [49] . Production of reactive oxygen species and reduction in endogenous antioxidant levels are believed to contribute to cataract formation [50] . Exposure to sodium selenite has been reported to increase lenticular lipid peroxidation and formation of H 2 O 2 within the aqueous humor of the eye in experimental animals [51] . In the present study, gross morphological assessment of the selenite-challenged, untreated cultured lenses revealed thick opacification (Grade +++) in all eight lenses (100%). However, seven out of the eight (87.5%) selenite-challenged simultaneously chrysin-treated lenses did not show any opacification (Grade 0) after 24 h incubation; the remaining lens (12.5%) showed a slight degree of opacification (Grade +; Table 2 and Figure 2 ). This suggests that chrysin partially prevented the occurrence of lenticular opacification caused by exposure to selenite in the Group IIIa lenses. The Group IIIb (chrysin-pretreated, subsequent selenite-challenged) lenses exhibited diffuse opacification. The Group IIIc lenses (initial selenite-challenge [30 min], subsequent chrysin treatment) showed a greater degree of opacification (Table 2, Figure 2) than that of the Group IIIa lenses but less intense opacification than that of the Group II lenses. However, in the Group IIId (initial selenite-challenge [1 h], subsequent chrysin treatment) and Group IIIe (initial selenite-challenge [2 h], subsequent chrysin treatment) lenses, no anticataractogenic effect was noted. All three Group IV (chrysin only-treated) lenses did not show any opacification (Grade 0), an appearance similar to that noted in the control (Group I) lenses.
The activity of chrysin was best seen when sodium selenite and chrysin were added simultaneously to DMEM (Table 2) . Interestingly, the lenses initially exposed to sodium selenite for 30 min and subsequently treated up to 24 h with chrysin exhibited less intense opacification (Grade +) than that seen in the Group II lenses (Grade +++). These results suggest that chrysin did not merely act by blocking the uptake of selenite from the test medium.
Results of the stability study of sodium selenite in DMEM that contained chrysin (but no lenses) suggest that sodium selenite was stable even after 24 h incubation, as inferred by the presence of a "peak" at 351 nm, the same peak observed at 0, 6, 12, and 24 h. Moreover, a time-course study showed that the sodium selenite concentrations in the medium were 15.38 mg/l (0 h), 15.35 mg/l (6 h), 15.33 mg/l (12 h), and 15.31 mg/l (24 h). Thus, these results strongly suggest that sodium selenite is stable in the presence of chrysin in DMEM; that is, there is no obvious physical or chemical interaction with chrysin in DMEM.
The mean concentration of chrysin in the Group IV lenses was 4.711 mM/g of wet lenticular tissue after 24 h incubation. However, chrysin was not detected in the Group I lenses after 24 h incubation. The results suggest that chrysin is able to enter the lens and thus emphasize the potential of chrysin for intercellular lens protection.
To assess the putative role of chrysin as an antioxidant in slowing the progression of selenite-induced cataractogenesis, the status of the redox system and the intensity of lipid peroxidation were determined in the current study. A lower mean level of GSH and a higher mean level of MDA were observed in the selenite-challenged, untreated (Group II), chrysinpretreated, subsequent selenite-challenged (Group IIIb), and initial selenite-challenged, subsequent chrysin-treated (Group IIIc, IIId, and IIIe) lenses. However, such alterations appeared to have been prevented to a greater extent in the selenitechallenged simultaneously chrysin-treated lenses (Group IIIa) than that in the lenses of Groups IIIb, IIIc, IIId, and IIIe (Table 3 ). Other groups of investigators have also reported that treatment with antioxidants could prevent seleniteinduced cataractogenesis in a Wistar rat model [15, 16, 52] .
Protein sulfhydryl content is an important indicator of tissue protein oxidation. In the process of cataractogenesis, lenticular proteins lose sulfhydryl groups and become thiolated or cross-linked by disulfide bonds [50] . In the current study, the mean protein sulfhydryl level was significantly lower in the selenite-challenged, untreated lenses than that in the normal (control) lenses; however, such a reduction in mean lenticular protein sulfhydryl content appeared to have been prevented in the selenite-challenged simultaneously chrysin-treated lenses (Figure 3) . These results are consistent with studies on selenite-induced cataract in Wistar rats that had been treated with the flavonoid fraction of leaves of Vitex negundo [23] and methanolic extract of saffron [52] that have antioxidant potential.
The function of a protein is usually governed by its shape and charge. The influx of Ca 2+ ions results in activation of calcium-binding proteins, thus triggering changes in the shape and charge of proteins [53] . Therefore, calcium homeostasis must be maintained at an appropriate level to avert pathological conditions. It has been suggested that unregulated Ca 2+ -mediated proteolysis of essential lenticular proteins by calpains is a major contributor to some forms of cataract in animals and humans [54] . Moreover, elevated levels of Ca 2+ associated with certain forms of injury to the lens appear to induce proteolysis of crystallins by calpains [55] . In the present study, an attempt was made to determine the mean calcium concentrations in in vitro cultured Wistar rat lenses. The mean lenticular calcium concentration was significantly higher in the Group II (selenite-challenged, untreated) lenses than that in the Group IIIa (selenitechallenged simultaneously chrysin-treated) and the Group I (normal control) lenses (Figure 4) . The observed higher level of lenticular calcium was possibly due to the damaged lenticular epithelium as a result of oxidation of sulfhydryl groups or changes in membrane polarity arising out of lipid peroxidation by selenite [2, 56] . However, treatment with chrysin appeared to prevent such calcium influx, possibly by preventing selenite-induced oxidative insults. Several other antioxidants, such as Drevogenin D in vitro [27] and ellagic acid [16] , acetyl-L-carnitine [57] , and the flavonoid fraction of Brassica oleracea var. italica in vivo [58] , have been reported to regulate calcium influx in selenite-induced cataractogenesis.
Cellular calcium homeostasis is achieved by a balance between an inward leak and an outward push of calcium by PMCA and NCX [59, 60] . Thus, in the present study, an attempt was made to measure the mRNA transcript levels of the genes that encode PMCA-1, SERCA-2, and NCX-1 and were further traced at the translational level of calcium transporters, such as PMCA-1 and SERCA-2, in the three groups of cultured lenses ( Figure 5 and Figure 6 ). The mean mRNA transcript levels of PMCA-1 and SERCA-2 were found to be significantly higher in the selenite-challenged, untreated (Group II) lenses, when compared to those of the normal control (Group I) lenses; the expression of the corresponding proteins was also found to be enhanced ( Figure 6 ). This upregulated expression of the PMCA-1 and SERCA-2 genes in the cultured cataractous lenses was possibly a compensatory mechanism by the cell to increase lenticular calcium, as has been suggested by Marian et al. [61] . A notable study on Upjohn Pharmaceuticals Limited (UPL) rats (a model for hereditary cataract formation) revealed that the expression of the calcium transporter genes, PMCA-1 and SERCA-2 (at the mRNA transcript level) was increased during cataractogenesis [62] . Thus, in the present investigation, elevation of mRNA transcript and protein levels was also observed in cultured selenite-challenged, untreated lenses. Interestingly, this enhanced expression of PMCA-1 and SERCA-2 genes, as inferred by measuring mRNA transcript levels, as well as elevated levels of PMCA-1 and SERCA-2 proteins, appeared to have been prevented in the selenite-challenged simultaneously chrysin-treated cultured Wistar rat lenses ( Figure 5 and Figure 6 ).
The plasma membrane of most animal cells contains another Ca
2+ transport system, namely, the Na + /Ca 2+ exchanger (NCX) that functions in parallel with the Ca 2+ -selective channels and the ATP-driven Ca 2+ pump. NCX can promote either influx or efflux of Ca 2+ in cells, depending on the net electrochemical driving force on the exchanger [63] . Wang et al. [64] reported that preweanling rats challenged with sodium selenite exhibited reduced NCX activity in their lenses. Similarly, in the present study, the mean level of the mRNA transcripts of NCX-1 was significantly lower in the selenite-challenged, untreated lenses than that in the normal control lenses and that in the selenite-challenged simultaneously chrysin-treated lenses ( Figure 5 ). This decreased expression of the NCX-1 gene is apparently consistent with the increase in the lenticular calcium concentration in cultured Group II (selenite-challenged, untreated) lenses. However, in the Group IIIa lenses, the mean level of the mRNA transcripts of NCX-1 was significantly higher than that in the Group II lenses ( Figure 5) . Overall, the regulatory mechanism of chrysin on calcium transporters appears to have prevented the elevation of calcium levels that occurred due to selenitechallenge. This finding corroborates those noted in studies on the prevention of calcium increase in lenticular cells by known antioxidants such as Drevogenin D [27] , a naturally occurring polyphenol, ellagic acid [16] , acetyl-L-carnitine [57] , and the flavonoid fraction of the leaves of Vitex negundo [23] .
An elevated calcium level in the lens leads to the activation of lenticular calpains, thus resulting in subsequent proteolysis of lenticular crystallins [65] . In the current investigation, an attempt was made to assess the in vitro potential of chrysin to inhibit activation of calpain by determining the calpain activity in three groups of cultured Wistar rat lenses. Decreased mean calpain activity was observed in the cultured selenite-challenged, untreated lenses. However, such a decrease appeared to have been prevented in the selenitechallenged simultaneously chrysin-treated lenses, with the mean calpain activity approximating that observed in the normal control lenses ( Figure 7A ). Decreased lenticular calpain activity appeared to occur concomitantly with increased lenticular calcium levels in the present study ( Figure  4) , presumably due to the well known autolysis of calpain that results from the exposure of the enzyme to an elevated calcium concentration. Yoshida et al. [66] also postulated that loss of calpain activity after the formation of cataract in the Nakano mouse model was due to autolysis. In the present study, the selenite-challenged simultaneously chrysin-treated lenses appeared to maintain intracellular calcium levels at near-normal levels (Figure 4) , thus preventing the activation of calpain, as inferred from the inhibition of autolysis. A similar finding has been reported for other antioxidants such as ellagic acid [16] , the flavonoid fraction of leaves of Vitex negundo [23] , and acetyl-L-carnitine [57] in preventing calpain activation.
The activation of Lp82, presumably by transient, localized spikes in the cellular calcium concentration resulting in the breakdown of lenticular crystallins, has been found to lead to its autolysis [2] . The addition of calcium to partially purified Lp82 has been found to cause partial loss of calpain, possibly due to autolysis [67] . Similar activation of purified m-calpain causes autodegradation [68] . In the present study, calpain zymography confirmed autolysis of activated Lp82 and m-calpain in the selenite-challenged, untreated lenses ( Figure 7B ), which was possibly due to the observed elevation in the calcium levels in this group of lenses. However, casein zymography did not reveal autolysis in the selenitechallenged simultaneously chrysin-treated lenses ( Figure  7B) ; thus, chrysin possibly prevented calpain activation and autolysis. These zymographic results appeared to mirror the maintenance of gene (mRNA transcript) and protein expression of m-calpain and Lp82 at near-normal levels, since significant reduction in the mRNA transcript levels and protein levels of these two calpains appeared to have been prevented by treatment with chrysin ( Figure 5 and Figure  6 ). Overall, the evaluation of the lenticular calcium level and total calpain activity and the expression of calpain isoforms strongly suggests that chrysin exhibits anticalpain activity. Anticalpain compounds have also been shown to exhibit anticataractogenic effects in various studies [54, 57, [69] [70] [71] .
We also sought to examine the possibility that the effect of calcium extends up to the activation of the apoptotic pathway and that chrysin possibly plays a role in modulating or blocking the caspase cascade, thus slowing seleniteinduced cataractogenesis. This hypothesis was tested by evaluating the expression of five important genes involved in the apoptotic pathway, namely, genes that encode EGR-1, COX-1, caspase-3, caspase-8, and caspase-9. Freyssenet et al. [72] demonstrated a direct correlation between increased intracellular calcium and upregulation of the gene that encodes EGR-1. A similar association appears to have occurred in the present investigation in that the selenite-challenged, untreated lenses exhibited elevated mean calcium levels as well as increased expression of the gene EGR-1 at the transcriptional and translational levels ( Figure 8 and Figure 9 ). Nakajima et al. [73] were of the opinion that the loss of epithelial barrier function contributes to an increase in the intracellular calcium pool, thus leading to increased expression of EGR-1. However, treatment of selenite-challenged lenses with chrysin appeared to maintain EGR-1 at near-normal levels, at the mRNA transcript level and the translational level ( Figure  8 and Figure 9 ). Decreased expression levels of EGR-1 have been reported in human gastric cancer AGS cells following treatment with chrysin [74] . A similar pattern of EGR-1 expression has also been reported following treatment with other antioxidants, such as curcumin in endothelial cells and fibroblasts [75] and acetyl-L-carnitine in selenite-induced cataractous Wistar rat lenses [76] .
Dysfunction of the COX-1 enzyme leads to compromised mitochondrial membrane potential and a decreased ATP level [77] . In the present investigation, selenite-challenged, untreated lenses demonstrated significantly lower mean levels of COX-I mRNA transcripts ( Figure 8 ) and COX-I protein than those in the normal control lenses (Figure 9 ). Decreased expression of COX-I has also been noted in selenite-cataractous lenses [76, 78] and in UPL rats [62] . The observed downregulation of COX-1 might have resulted in decreased synthesis of ATP, as suggested by Yang et al. [79] . However, in the present study, such a decline in COX-1 expression, at the transcriptional and translational levels, appears to have been prevented in the selenite-challenged simultaneously chrysin-treated lenses, suggesting a protective role for this compound. Similarly, acetyl-L-carnitine was found to maintain mRNA transcript levels of COX-1 at near-normal levels in lenses challenged with selenite [76] .
Following activation, caspase-9 and caspase-8 activate procaspase-3 [80] , thus forming active caspase-3, an "executioner caspase," which is reported to play a central role in regulating and executing apoptosis in mammalian cells. The activation of caspase-3 has been shown to be an essential step in multiple apoptotic signaling pathways triggered by different apoptotic signals [81] . In the present study, the mean mRNA transcript levels of genes that encode caspase-3, caspase-8, and caspase-9 were analyzed with semiquantitative RT-PCR (Figure 8 ). In the selenite-challenged, untreated lenses, the mean mRNA transcript levels of genes that encode caspase-3, caspase-8, and caspase-9 were found to be significantly higher than those in the cultured normal lenses. However, in the cultured selenite-challenged simultaneously chrysin-treated lenses, the mean mRNA transcript levels of the genes that encode caspase-3, caspase-8, and caspase-9 were found to be less than those in the selenite-challenged, untreated lenses (Figure 8 ). To confirm the finding at the translational level with detection of the protein, a specific antibody was used. In the samples of the selenite-challenged, untreated lenses, the band intensity of caspase-3 was lower than that seen in the samples of the cultured normal lenses; in addition, a proteolytic fragment of active caspase-3 (17 kDa) was also noted. However, the anti-caspase-3 antibody could not detect such a proteolytic fragment (active form) in the samples of the cultured selenite-challenged simultaneously chrysin-treated lenses (Figure 10 ).
Caspase-8 was found to be activated in the samples of the selenite-challenged, untreated lenses as observed by a cleaved fragment of 42 kDa (Figure 10 ). However, in the selenitechallenged simultaneously chrysin-treated lenses, the activation of caspase-8 appeared to have been prevented, as there was absence of these 42 kDa fragments (Figure 10 ). Procaspase-9 (approximately 45 kDa), upon activation, is reported to cleave into fragments of approximately 35 kDa [46, 82] . In the present set of experiments, similar activation of procaspase-9 was also noted in the samples from the selenite-challenged, untreated lenses that showed cleaved products of 35 kDa fragments ( Figure 10 ). However, the chrysin treatment appeared to prevent such activation, and thus, it appeared as intact procaspase-9 ( Figure 10) . Thus, the results of the molecular investigation of apoptotic-related genes in the current study suggest that chrysin confers protection against apoptotic cell death in lenticular cells of selenite-challenged lenses by reducing or blocking the activation of the apoptotic cascade and thus preventing caspase-mediated cell death. Numerous antioxidants have been reported to possess antiapoptotic properties in various animal models; these include quercetin [83] , beta-carotene [84] , acetyl-L-carnitine [76] , melatonin [85] , and extract of leaves of Nerium oleander [86] .
A possible limitation of the current study using an in vitro model of selenite-induced cataractogenesis may be the perception that selenite cataract differs in many features from actual human cataract. However, there is no doubt that selenite cataract is an extremely rapidly induced and convenient model of cataractogenesis. Moreover, experienced investigators have stated that selenite cataract shows several similarities to the human senile nuclear cataract, such as the formation of vesicles, increased levels of calcium, the presence of insoluble protein and decreased water-soluble protein, the occurrence of proteolysis, and diminished amounts of reduced glutathione [2] . The rodent model of selenite cataract is a popular choice for rapid screening of possible anticataract agents. Thus, this model was chosen for the current study to test the anticataractogenic potential of chrysin in an in vitro model of cataractogenesis. Another limitation of the present study is that Lp82 calpain is found only in rodent lenses and is not relevant to human cataractogenesis. However, Lp82 represents a major splice variant for calpain-3 in the rat, and other splice variants for calpain-3 have been found in human and monkey lenses [87] [88] [89] . Therefore, we believe that the results related to Lp82 in rodent lenses may have some relevance for the splice variants for calpain-3 that occur in human and monkey lenses, as these variants may perform some hitherto-undefined role in cataractogenesis in human lenses. Moreover, these rodent calpains provide a framework for understanding the role of other low-abundance proteolytic enzymes in the human lens. We also believe that our observations, particularly those related to m-calpain (calpain-2), which occurs in human and rodent lenses, are relevant to the context of cataractogenesis in human lenses.
In conclusion, the results of the current study strongly support the hypothesis that the flavonoid chrysin possesses a novel paradigm of maintaining lenticular calcium homeostasis and the calpain cascade in Wistar rat lenses cultured in DMEM that contained sodium selenite, thus preventing cataractogenesis. Chrysin's effect on calcium homeostasis, inhibition of calpain, and antiapoptotic potential have been demonstrated by chrysin's modulatory effects on the expression of genes involved in calcium transport, calpain activation, and apoptosis. Chrysin may therefore be considered a potential candidate for prevention of selenite-induced cataract. Further investigation is needed to validate the possible contribution of chrysin in the prevention of human cataract.
APPENDIX 1.
In vitro study on Wistar rat lenses cultured for 24 h in Dulbecco's modified Eagle's medium: Absorption spectra of sodium selenite at different time intervals in DMEM containing chrysin. To access the data, click or select the words "Appendix 1."
